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One o f  t h e  pr imary  d e s i g n  p a r a m e t e r s  for a d i g i t a l  l o g i c  
c i r c u i t  i s  t h e  s o - c a l l e d  "noise  margin" ,  g e n e r a l l y  d e f i n e d  as a 
measure of  t h e  a b i l i t y  of t h e  c i r c u i t  t o  t o l e r a t e  i n p u t  p e r t u r -  
b a t i o n s  wi thou t  changing s t a t e .  A n o i s e  margin d e f i n e d  i n  t h i s  
manner i s  a f u n c t i o n  o f  c i r c u i t  parameters,  as w e l l  as of  t h e  
state o f  t h e  c i r c u i t .  To g e n e r a t e  a n  ana logous  n o i s e  s u s c e p t i -  
b i l i t y  measure f o r  a d i g i t a l  s y s t e m  ( a n  assembly  of i n t e r c o n n e c t e d  
l o g i c  c i r c u i t s )  would r e q u i r e ,  i n  p r i n c i p l e ,  a n a l y s i s  o f  eve ry  s t a t e  
of  t h e  s y s t e m .  A s  t h i s  i s  a p r a c t i c a l  i m p o s s i b i l i t y  ( a n  assembly 
o f  N 2-s ta te  c i r c u i t s  cou ld  have as many as 2N d i s t i n c t  s t a t e s ) ,  
t h e  wors t  c a s e  c i r c u i t  n o i s e  margin i s  o f t e n  used  as a measure 
o f  t h e  sys tems n o i s e  s u s c e p t i b i l i t y .  While i t  i s  c l e a r  t h a t  t h e  
n o i s e  s u s c e p t i b i l i t y  o f  t h e  s y s t e m  w i l l  depend on t h e  n o i s e  
marg ins  of  t h e  l o g i c  c i r c u i t s  w i t h  which i t  i s  c o n s t r u c t e d ,  i t  
i s  a l s o  e v i d e n t  t h a t  c o n s i d e r a t i o n  must be  g i v e n  t o  t h e  l e v e l  of  
n o i s e  g e a e r a t e d  ~ i t h i n  t h e  sycte.n?. which d e t r a c t s  from c i r c u i t  
margir?.  (3t.at.e t r a . n s i t i o n s  i n  l o g i c  c i r c u i t s  a re  good s o u r c e s  
of  n o i s e  which can  coup le  between c i r c u i t s  by  c a p a c i t i v e  and 
i n d u c t i v e  c r o s s - t a l k . )  

I n  t h i s  memorandum s e v e r a l  means o f  t e s t i n g  t h e  n o i s e  
s u s c e p t i b i l i t y  of d i g i t a l  systems w i l l  be  e v a l u a t e d  w i t h  r e s p e c t  
t o  t h e  v a l i d i t y  o f  t h e  r e s u l t i n g  measure o f  t h e  n e t  sys tem n o i s e  
marg in .  The d i s c u s s i o n  t o  fo l low was m o t i v a t e d  by a s p e c i f i c  
machine ,  t h e  Block I1 Apollo Guidance Computer ( A G C ) ,  b u t  t h e  
p r i n c i p l e s  i n v o l v e d  a re  g e n e r a l l y  a p p l i c a b l e  t o  any d i g i t a l  
sys t em.  

One of  t h e  problems e n c o u n t e r e d  i n  t h e  d e s i g n  o f  t h e  
AGC i n v o l v e d  t h e  d . c .  margins  o f  t h e  l o g i c  c i r c u i t s  (un ique  i n  
t h a t  a s i n g l e  c o n f i g u r a t i o n  is  u s e d ) .  Study o f  t h i s  problem 
r e s u l t e d  i n  t h e  a d o p t i o n  o f  an a d d i t i o n a l  l o g i c  package ("expander  
gate '!)  t o  p r e s e r v e  margins  f o r  c i r c u i t s  r e q u i r i n g  a f a n - i n  g r e a t e r  



BELLCOMM, INC. - 2 -  

t h a n  3 ( t h e  c a p a c i t y  of  t h e  b a s i c  NOR g a t e ) .  Adoption of t h e  
expander  gate has,  however,  no t  removed a l l  conce rn  o v e r  t h e  
margins  of AGC l o g i c  c i r c u i t s .  T h i s  i s  p r i n c i p a l l y  a r e s u l t  o f :  

( a )  t h e  f a c t  t h a t  a s i g n i f i c a n t  number o f  l o g i c  c i r c u i t s  
are "over loaded"  and c o n s e q u e n t l y  have a wors t  c a s e  
margin lower  t h a n  t h a t  a n t i c i p a t e d  from t h e  o r i g i n a l  
d e s i g n  r u l e s ;  

( b )  t h e  f ac t  t h a t  t he  o r i g i n a l  d e s i g n  margins  a re  degraded 
a t  t h e  ex t remes  of t h e  d e s i g n  tempera ture  r a n g e  and by 
t e m p e r a t u r e  d i f f e r e n t i a l s  w i t h i n  t h e  machine; and 

( c )  t h e  f a c t  t h a t  t h e  n o i s e  c o u p l i n g  c h a r a c t e r i s t i c s  o f  t h e  
machine a re  n o t  known i n  d e t a i l ,  and are  e x p e c t e d  t o  
va ry  from machine t o  machine.  

The Procurement S p e c i f i c a t i o n  (Apo l lo  G & N  s p e c i f i c a t i o n  
PS 2016005)  i n c o r p o r a t e s  a se t  o f  FTM's ( f i n a l  t e s t  methods)  
which c o n s t i t u t e  t h e  A G C  Acceptance Tes t .  These t e s t s  a re  de- 
s i g n e d  i n  p a r t  t o  e s t a b l i s h  t h e  f l i g h t  w o r t h i n e s s  o f  p r o d u c t i o n -  
v e r s i o n  computers .  The deg ree  t o  which t h i s  se t  o f  tes ts  i n s u r e s  
c o n f i d e n c e  i n  t h e  n o i s e  margins  of t h e  AGC l o g i c  c i r c u i t r y  i s  
c o n s i d e r e d  i n  t h i s  memorandum. It i s  i m p o r t a n t  t o  n o t e  a t  t h e  
o u t s e t ,  however, t ha t  one o f  t h e  main problems i n  t e s t i n g  a 
complex l o g i c a l  s y s t e m  such as t h e  AGC i n v o l v e s  i n s u r i n g  t h a t  
t h e  v a r i o u s  s u b p a r t s  a r e  s u b j e c t e d  t o  wors t  c a s e  c o n d i t i o n s  w h i l e  
o p e r a t i n g  a t  r educed  margins (and  t h a t  f a i l u r e s  o c c u r r i n g  unde r  
s u c h  c o n d i t i o n s  are  d e t e c t e d ) .  T h i s  t a sk  i s  r e l e g a t e d  t o  t h e  
computer  programs (Newspeak  Rope)  r u n  d u r i n g  t h e  Acceptance T e s t .  
No e v a l u a t i o n  of tnese t e s t  pi?ogi?aiXs is a t t e m p t e d  h e r e ,  sz it is 
c a c i t i y  assumed that t h z y  2re m e e t i n g  t h i s  n h j e c t i v e .  

A d i s c u s s i o n  o f  t h e  n o i s e  margins  o f  t h e  AGC l o g i c  
c i r c u i t s  and of s e v e r a l  n o i s e  margin t e s t i n g  schemes f o r  t h i s  
machine f o l l o w s .  Appendix A c o n t a i n s  d e t a i l e d  n o i s e  margin  
computa t ions .  A d i s t i n c t  but  r e l a t ed  t o p i c  i s  t r e a t e d  i n  
Appendix B ,  which dea ls  w i t h  a t y p e  of  e a r a l l e l  redundancy p r e s e n t  
i n  t h e  AGC l o g i c .  A n a l j s i s  i n d i c a t e s  t h a t  t h i s  redundancy pro-  
v i d e s  a degree of  f a i l u r e  t o l e r a n c e .  While t h i s  i s  b e n e f i c i a l  
t o  t h e  s y s t e m ,  i t  a l l o w s  f o r  t h e  p o s s i b i l i t y  of  h a v i n g  such  f a i l -  
u r e s  o c c u r  u n d e t e c t e d  i n  t h e  p r e - f l i g h t  e x p e r i e n c e  of a g i v e n  
machine.  One means of gua rd ing  a g a i n s t  t h i s  p o s s i b i l i t y  and 
i n s u r i n g  tha t  t h e  f u l l  b e n e f i t  o f  t h e  redundancy i s  o b t a i n e d  i s  
t o  t e s t  t h e  margins  o f  t h e  computer j u s t  p r i o r  t o  f l i g h t .  
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2 .0  NOISE M A R G I N  ANALYSIS 

The n o i s e  margin o f  a l o g i c  c i r c u i t  i s  a measure o f  
t h e  minimum magnitude o f  a n o i s e  s i g n a l  which,when super imposed  
on t h e  i n f o r m a t i o n  l e v e l  at t h e  i n p u t  t o  t h e  c i r c u i t ,  c a n  c a u s e  
a f a l s e  o u t p u t  from t h e  s t a g e .  F i g u r e  1 shows a 3- input  DCTL NOR 
g a t e  such  as i s  used i n  t h e  A G C .  The s t a t e s  of  t h i s  c i r c u i t  w i l l  
be  deno ted  as ON when a t  l e a s t  one t r a n s i s t o r  i s  c o n d u c t i n g ,  and 
OFF when a l l  t r a n s i s t o r s  a r e  non-conduct ing .  Two n o i s e  marg ins  
mpy be  d e f i n e d  f o r  a b i s t a b l e  c i r c u i t :  a margin  a g a i n s t  f a l se  
turn-on  (VN-off)  and a margin a g a i n s t  f a l se  t u r n - o f f  (VN-on) 
(see F i g u r e  2 ) .  It i s  g e n e r a l  p r a c t i c e  t o  compute such  margins  
on a s t a t i c  o r  d . c .  bas i s .  It s h o u l d  be n o t e d  however t h a t  t h e  
c i r c u i t s  w i l l  g e n e r a l l y  be s u b j e c t  t o  p u l s e  t y p e  n o i s e ,  such  as 
r e s u l t s  from c r o s s - t a l k  coup l ing .  Immunity t o  such  n o i s e  i s  
g r e a t e r  t h a n  i n d i c a t e d  b y  t he  s t a t i c  n o i s e  margins  due t o  t h e  
d e l a y  and s t o r a g e  mechanisms of  t h e  t r a n s i s t o r s .  I n  t h i s  s e n s e  
t hese  ( s t a t i c )  n o i s e  margins  are  c o n s e r v a t i v e .  

2 . 1  OFF Noise Margin 

The wors t  c a s e  " o f f "  n o i s e  margin (VN-off)  may be  com- 
p u t e d  for AGC l o g i c  g a t e s  by t a k i n g  t h e  d i f f e r e n c e  between t h e  
i n p u t  v o l t a g e  for which a g a t e  d e l i v e r s  a t  l e a s t  some s p e c i f i e d  
o u t p u t  c u r r e n t  (IToFF),  and t h e  maximum s a t u r a t i o n  v o l t a g e  a n  rronl l  
s tage  can  be  e x p e c t e d  t o  have (vzERo). Thus: 

V N - O f f  = %FF - %*o 

The S p e c i f i c a t i o n  C o n t r o l  Drawing ( S C D  1006394)  f o r  AGC i n t e -  
g ra ted  c i r c u i t  l o g i c  ga tes  g u a r a n t e e s  a n  o f f  margin  o f  a t  l eas t  
200  mv f o r  a normal  gate and 1 0 0  mv f o r - a n  expande r  gate a t  2 5 O C .  
A s  t h e  o f f  n o i s e  margin i s  p r i m a r i l y  a f u n c t i o n  o f  t h e  t r a n s i s t o r  
c h a r a c t e r i s t i c s  i t  does not v a r y  s i g n i f i c a n t l y  w i t h  c i r c u i t  con- 
f i g u r a t i o n  o r  w i t h  s u p p l y  v o l t a g e .  V a r i a t i o n  may be  e x p e c t e d  
w i t h  t e m p e r a t u r e  and t e m p e r a t u r e  d i f f e r e n t i a l s ,  and  t h e  s p e c i f i -  
c a t i o n  i n d i c a t e s  o f f  n o i s e  margins  of  250 mv a t  O°C and 1 0 0  mv 
a t  7 O o C  f o r  normal  g a t e s ,  and 1 0 0  mv a t  O°C and 80 mv a t  70°C 
f o r  expander  gates.  

2 . 2  ON Noise Margin 

For  t h e  AGC t he  wors t  c a s e  "ontr n o i s e  margin  (VN-on) 
may be Computed as t h e  d i f f e r e n c e  between t h e  rrone" s i g n a l  v o l -  
t a g e  a t  a g a t e  i n p u t  assuming t h e  most u n f a v o r a b l e  c i r c u i t  
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c o n f i g u r a t i o n  and combinat ion o f  parameters ( % N E ) ,  and t h e  mini-  
mum turn-on  v o l t a g e  (VoN)  gua ran teed  by  t h e  ga te  s p e c i f i c a t i o n .  
Thus : 

%NE - 'ON VN-on = 

VN-on v a r i e s  markedly  as a f u n c t i o n  of  fan-out  and s u p p l y  v o l t a g e *  
( see  F i g u r e  3 ) .  
was i n t e n d e d  t o  g u a r a n t e e  a minimum on n o i s e  margin  o f  1 0 0  mv a t  
25OC f o r  a fan-out  o f  5. Recent ly  t h e  S C D  was r e v i s e d  t o  govern  
per formance  a t  t h e  temperature extremes of  O o  and 70OC. The 
r e v i s e d  s p e c i f i c a t i o n  ( s e e  Appendix A )  i s  i n t e n d e d  t o  e n s u r e  a 
miflimum margin of  80 mv over  t h i s  temperature  r ange  f o r  a c i r c u i t  
w i t h  fan-out  o f  5. 

The i n i t i a l  NOR g a t e  S C D  f o r  t h e  Block I1 AGC 

Due t o  t h e  e x i s t e n c e  o f  l o g i c  c i r c u i t  o v e r l o a d s  i n  t h e  
AGC d e s i g n ,  t h e  a c t u a l  worst  c a s e  on n o i s e  margin  i s  lower  t h a n  
i s  p r e d i c t e d  from t h e  S C D .  Thus, f o r  example, a ga te  w i t h  a fan-  
o u t  of  6 ( 2 0 %  o v e r l o a d )  e x h i b i t s  a wors t  c a s e  on n o i s e  margin 
o f  68 mv a t  r a t e d  supp ly  v o l t a g e ,  o r  32 mv below t h e  o r i g i n a l  
d e s i g n  g o a l .  Using t h e  i n f o r m a t i o n  i n  t h e  r e v i s e d  SCD, c a l c u l a -  
t i o n s  i n d i c a t e  t h a t  t h e  worst  c a s e  on n o i s e  margins  are 43 mv at 
O O C ,  and 46  mv a t  7 O o C  (see F i g u r e  4). 

2.3 Sys tem Noise Margin 

The o v e r a l l  n o i s e  t o l e r a n c e  o f  a d i g i t a l  computer  i s  a 
measure o f  t h e  machine ' s  i n t e r n a l  n o i s e  marg ins ,  and o f  t h e  
a b i l i t y  of  t h e  d e s i g n  t o  l i m i t  t h e  i n f l u e n c e  o f  e x t e r n a l  s o u r c e s  
of  n o i s e .  While a measure o f  t h e  s y s t e m ' s  n o i s e  s u s c e p t i b i l i t y  
i n  i t s  o p e r a t i o n a l  environment  i s  an  i m p o r t a n t  e v a l u a t i o n  
c r i t e r i o n ,  t h e  a t t e n t i o n  here i s  d i r e c t e d  towards  t h e  more s p e c i -  
f i c  s u b j e c t  of n e t  margins  o f  t h e  c o m p u t e r ' s  l o g i c  subsys tem.  
Given t h a t  a machine d e s i g n  has  demons t r a t ed  a c c e p t a b l e  o v e r a l l  
n o i s e  t o l e r a n c e  f o r  i t s  a p p l i c a t i o n ,  t h e r e  can  s t i l l  be v a l i d  
i n q u i r y  i n t o  t h e  n o i s e  margins of  t h e  l o g i c  c i r c u i t s .  I n  s p a c e -  
b o r n  a p p l i c a t i o n s ,  f o r  example,  one may f l y  on ly  a s u b s e t  of a 
s e r i e s  of  f l i g h t - q u a l i f i e d  machines .  A n o i s e  margin measure 
c o u l d  p r o v i d e  a u s e f u l  i n d i c a t i o n  of  which machine s h o u l d  b e  
a s s i g n e d  f o r  f l i g h t .  I n  a d d i t i o n ,  such  a measure c o u l d  p r o v i d e  

*Noise margin  c a l c u l a t i o n s  a re  c o n t a i n e d  i n  Appendix A .  
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a b i l i t y  t o  t r a c k  t h e  performance of  a machine th roughou t  i t s  pre-  
and p o s t - f l i g h t  e x p e r i e n c e ,  and p r o v i d e  a s s u r a n c e  a g a i n s t  g r a d u a l  
l o s s  of  n o i s e  t o l e r a n c e  ( s e e  Appendix B ) .  

While t h e  c i r c u i t  n o i s e  margins  are  o f t e n  used  as a 
f i g u r e  of  meri t  f o r  l o g i c  system d e s i g n s ,  a more v a l i d  measure 
r e s u l t s  when i n t e r n a l  n o i s e  i s  accoun ted  f o r .  A new parameter, 
deno ted  as t h e  s i g n a l  margin (V,), can be d e f i n e d  as t h e  d i f f e r -  

ence  between t h e  a c t u a l  i n p u t  t o  a c i r c u i t ,  s i g n a l  p l u s  n o i s e ,  
and t h e  t h r e s h o l d  of  t h e  c i r c u i t .  Thus f o r  a g i v e n  g a t e :  

'ON - VD-on - Vm-on = %NE 

- 
VN-on - VD-on 

and 

Vm-off = VOFF - vD-off  - %RO 

= VN-Off - VD-off , 

where V,-on i s  t h e  maximum ( o v e r  a i l  p o s s i b l : e  s t a t e s  of  t h e  

machine)  n o i s e  v o l t a g e  a t  t h e  ga te  i n p u t  when t h e  g a t e  i s  i n  t n e  
ON s t a t e  and vD-off  i s  t h e  co r re spond ing  maximum n o i s e  v o l t a g e  
i n  t h e  OFF s t a t e .  (Note tha t  t h e  n o i s e  v o l t a g e s  i n  t h e  above 
e q u a t i o n s  must be  e q u i v a l e n t  d . c .  v o l t a g e s  s i n c e  t h e  c i r c u i t  
marg ins  have been d e f i n e d  on a s t a t i c  bas i s . )  

Y 

I n  g e n e r a l ,  n o i s e  c o u p l i n g  i n  a compute r ' s  l o g i c  c i r -  
c u i t s  i s  a complex g e o m e t r i c a l  f u n c t i o n  of  t h e  s i g n a l  p a t h s ,  and  
depends  on v o l t a g e  and c u r r e n t  l e v e l s  as we l l  as on t h e  t i m i n g  
r e l a t i o n s  between l o g i c  s i g n a l  t r a n s i t i o n s .  I f  one c o u l d  p r e d i c t  
t h e  wors t  c a s e  n o i s e  c o n d i t i o n s ,  a n  a n a l y t i c  measure of t h e  
w o r s t  c a s e  s i g n a l  margin  could be g e n e r a t e d  from t h e  above equa- 
t i o n s .  I n  p r a c t i c e ,  due t o  t h e  s t a t e  dependence o f  t h e  i n t e r n a l  
n o i s e ,  i t  i s  p o s s i b l e  a t  best  t o  make a g r o s s  estimate o f  w o r s t  
case n o i s e  l e v e l s ,  
minimum c i r c u i t  n o i s e  margins  (VN-on, VN-off) c o n s e r v a t i v e l y ,  
and  t h e n  a t t e m p t s  t o  c o n s t r a i n  c r o s s - t a l k  t o  b e  as low as 
p o s s i b l e .  

The  t y p i c a l  d e s i g n  ph i losophy  e p e c i f i e s  
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The d i f f i c u l t y  of  a n a l y t i c a l l y  d e t e r m i n i n g  wors t  c a s e  
s i g n a l  margins  i m p l i e s  t h a t  an o p e r a t i o n a l  t e s t  p r o c e d u r e ,  
c a p a b l e  of p r o v i d i n g  a measure o f  t h i s  margin ,  can b e  a u s e f u l  
e v a l u a t i o n  t o o l .  It i s  impor t an t  t o  n o t e  i n  t h i s  c o n t e x t ,  t h a t  
t h e  complex i ty  of  t h e  n o i s e  g e n e r a t i o n  and c o u p l i n g  p r o c e s s e s  
w i t h i n  t h e  l o g i c  makes i t  d i f f i c u l t  t o  s t ress  a machine t o  wors t  
c a s e  c o n d i t i o n s .  Thus t h e  va lue  of  a t e s t  p rocedure  w i l l  b e  
h e a v i l y  dependent  on having  a wel l  d e s i g n e d  t e s t  program which 
e x e r c i s e s  t h e  machine t h r o u g h  t h o s e  s t a t e s  i n  which c r o s s - t a l k  
n o i s e  i s  l i k e l y  t o  be  s e v e r e .  S i n c e  an  e x h a u s t i v e  t e s t  of  a l l  
s t a t e s  of  t h e  machine i s  p r o h i b i t i v e ,  t h e  d e s i g n  o f  such  programs 
i s  worthy of independent  s t u d y .  

3 . 0  STATIC VOLTAGE M A R G I N  TESTING 

f u n c t i o n  of  t h e  c o l l e c t o r  supply v o l t a g e  ( V c c ) ,  one means o f  
v e r i f y i n g  t h a t  a machine h a s  a t  l e a s t  some s p e c i f i e d  minimum on 
n o i s e  margin  A i s  t o  r e d u c e  Vcc s o  as t o  cause  a r e d u c t i o n  o f  a t  
l e a s t  A i n  VN-on of a l l  c i r c u i t s .  
t h i s  r educed  Vcc ,  t h e  on n o i s e  margin  a t  r a t ed  s u p p l y  i s  a t  
l e a s t  a .  The A G C  Acceptance Test r e q u i r e s  t h a t  t h e  machine 
o p e r a t e  a t  Vcc = 3.4 ,  4 ,  and 4 .5  v o l t s  a t  ambient t e m p e r a t u r e  a n d  
a t  t h e  t e m p e r a t u r e  ex t r emes .  While such  a t e s t  i s  c l e a r l y  u s e f u l  
i n  t h a t  i t  s t resses  t h e  machine a t  l i m i t s  g r e a t e r  t h a n  a l lowed  by 
t h e  power supp ly  s p e c i f i c a t i o n  ( 4  5 . 2  v o l t s ) ,  a r e d u c t i o n  of 600 
mv In V ? -  c a u s e s  a r e d u c t i o n  o f  o n l y  abou t  25 mviC i n  t h e  on n o i s e  
marg in  of  t h e  wors t  c a s e  c i r c u i t  ( f an -ou t  of  6 ) .  S i n c e  t h i s  
r e d u c t i o n  i s  less  t h a n  t h e  w o r s t  c a s e  margin (43 mv) i t  does  n o t  
p r o v i d e  a d d i t i o n a l  i n f o r m a t i o n  abou t  t h i s  arameter. 

S i n c e  t h e  on n o i s e  margin of A G C  l o g i c  g a t e s  i s  a 

I f  t h e  l o g i c  can o p e r a t e  a t  

LL' 

cc 
P 

The f a c t  t h a t  t h e  machine can  o p e r a t e  a t  V = 3.4 v o l t s  
does  i n d i c a t e  however t h a t  t h e  n o i s e  margin a t  t h i s  v o l t a g e  i s  
g r e a t e r  t h a n  t h e  i n t e r n a l  n o i s e  i . e . ,  t h a t  t h e  s i g n a l  margin  i s  
p o s i t i v e .  C r o s s - t a l k  n o i s e ,  however, i s  not  independent  o f  t h e  
s u p p l y  v o l t a g e .  I n  f a c t ,  under  i d e a l i z e d  c o n d i t i o n s ,  i t  can  be 
shown from t r a n s m i s s i o n  l i n e  a n a l y s i s  t h a t  t h e  magnitude of  t h e  
c r o s s - t a l k  s i g n a l  due t o  a v o l t a g e  p u l s e  of  magni tude AE and r i s e  
t i m e  T~ i s  p r o p o r t i o n a l  t o  A E / T ~ .  S i n c e  t h e  magnitude of t h e  

l o g i c  s i g n a l  swing (AE)  v a r i e s  d i r e c t l y  w i t h  Vcc ,  and  t h e  r i s e  t i m e  
of a lrO1l t o  rlllt s i g n a l  t r a n s i t i o n  v a r i e s ( i n  p a r t )  i n v e r s e l y  w i t h  
V C C ,  t h e  l e v e l  of c r o s s - t a l k  n o i s e  can  be  e x p e c t e d  t o  have a term 
p r o p o r t i o n a l  t o  Vcc2 o v e r  t h e  r a n g e  where these  a s sumpt ions  h o l d .  

* C a l c u l a t i o n s  a re  i n  Appendix A .  
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T h i s  v a r i a t i o n  of  s e l f - g e n e r a t e d  n o i s e  w i t h  supp ly  v o l t a g e  i m p l i e s  
t h a t  a s t a t i c  v o l t a g e  margin  t e s t  i s  n o t  a u s e f u l  measure of  t h e  
s i g n a l  margin ( s i g n a l  e x c e s s  above i n t e r n a l  n o i s e )  u n l e s s  i t  can 
b e  demons t r a t ed  t h a t  t h e  n o i s e  c o u p l i n g  i s  s u f f i c i e n t l y  low such  
t h a t  t h e  a b s o l u t e  magni tude  of c r o s s - t a l k  n o i s e  does n o t  change 
s i g n i f i c a n t l y  w i t h  changes  i n  Vcc.  

F i g u r e  5 i l l u s t r a t e s  how a s t a t i c  v o l t a g e  margin  t es t  
may g i v e  a f a l s e  i n d i c a t i o n  of t h e  amount of s i g n a l  margin  when 
t h e  l e v e l  of c r o s s - t a l k  n o i s e  can v a r y  s i g n i f i c a n t l y  w i t h  Vcc 
( n o t e  t h a t  t h e  c r o s s - t a l k  n o i s e  l e v e l  i s  shown as v a r y i n g  l i n e a r l y  
w i t h  Vcc f o r  s i m p l i c i t y ) .  
are t e s t e d  t o  f a i l u r e  by  lower ing  t h e  s u p p l y  v o l t a g e .  Note t h a t  
machine A f a i l s  a t  a h i g h e r  Vcc t h a n  machine B,  and t h a t  t h i s  
cou ld  be t a k e n  as imply ing  t h a t  B had b e t t e r  n o i s e  t o l e r a n c e .  
However w i t h  t h e  assumed n o i s e  l e v e l  c u r v e s ,  machine A i n  f a c t  
h a s  g r e a t e r  s i g n a l  marg in  a t  t h e  r a t e d  Vcc ,  aiiu therefere  more 
a c t u a l  n o i s e  t o l e r a n c e  (unde r  o p e r a t i o n a l  c o n d i t i o n s )  t h a n  
machine B.  

The f i g u r e  assumes t h a t  two machines  

--a 

4 . 0  D Y N A M I C  VOLTAGE M A R G I N  TESTING 

The d e f i c i e n c i e s  of s t a t i c  v o l t a g e  margin  t e s t i n g  can  
b e  overcome t o  a l a r g e  deg ree  by a dynamic marg in  t e s t  i n  which 
t h e  c o l l e c t o r  supp ly  v o l t a g e ,  Vcc, i s  p u l s e  modula ted  s o  as t o  
g e n e r a t e  i n  e f f e c t ,  a n o i s e  s i g n a l  a t  t h e  i n p u t  t o  a l l  t u rned-on  
ga tes .  The magni tude  of t h e  n o i s e  a t  t h e  i n p u t  t o  a ga t e  caused 
b y  Vcc modu la t ion  may b e  compuied d i r e c t l y  f r ~ m  t h e  r e l a t i n n  
g i v i n g  t h e  r a t e  of change of VN-on w i t h  r e s p e c t  t o  Vcc as deve l -  
oped i n  Appendix A .  It should  b e  n o t e d  t h a t  t h e  wors t  c a s e  
c i r c u i t  (FO = 6 )  i s  t h e  l i m i t i n g -  ne s i n c e  f o r  a g i v e n  change i n  

(It i s  i m p l i e d  here t h a t  a means i s  a v a i l a b l e  f o r  c i r cumven t ing  
t h e  f i l t e r i n g  of t h e  computer power s u p p l y ,  and any h i g h  f r equency  
a t t e n u a t i o n  of t h e  Vcc bus s y s t e m  i f  n e c e s s a r y . )  I n  a d d i t i o n  t o  
i n t r o d u c i n g  a d i r e c t  s i g n a l  change a t  t h e  i n p u t  t o  a l l  ON gates,  
t h e  Vcc m o d u l a t i o n  i s  capab le  of e x c i t i n g  ( s i n c e  it i n t r o d u c e s  a 
synchronous  s i g n a l  change th roughou t  t h e  l o g i c )  many o f  t h e  n o i s e  
c o u p l i n g  p a t h s  w i t h i n  t h e  machine.  An a d d i t i o n a l  advan tage  of  
t h i s  scheme l i e s  i n  t h e  f a c t  t h a t  i t  s u b j e c t s  t h e  l o g i c  t o  n o i s e  
v i a  a p a t h  ( t h e  Vcc bus sys tem)  which i s  a p o t e n t i a l  o p e r a t i o n a l  
n o i s e  s o u r c e .  Under t h e s e  c i r cums tances  t h e  magni tude  of  t h e  

Vcc i t  has t h e  h i g h e s t  r a t i o  of  i 1 duced n o i s e  t o  s i g n a l  margin .  
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S t a t e  of 
Biased  Gate 

p u l s e  d i s t u r b a n c e  t o  Vcc which can  be  t o l e r a t e d  by t h e  computer  
( w h i l e  o p e r a t i n g  a p p r o p r i a t e  t e s t  programs)  i s  a t r u e r  i n d i c a t i o n  
o f  t h e  minimum s i g n a l  margin o f  t h e  machine t h a n  i s  p r o v i d e d  by 
t h e  s t a t i c  v o l t a g e  margin  t es t .  T h i s  c o n c l u s i o n  i s  s u p p o r t e d  by 
e x p e r i m e n t a l  d a t a  c o l l e c t e d  a t  Berke ley  S c i e n t i f i c  L a b o r a t o r i e s  
by W .  Wattenburg" who sugges t ed  t h e  dynamic margin  t e s t  scheme. 

t h e  A G C  l i e  i n  t h e  n e c e s s i t y  o f  c i r cumven t ing  t h e  power supp ly  
f i l t e r i n g  and i n  t h e  p o t e n t i a l  d i f f i c u l t y  o f  implement ing  t h e  
d e s i r e d  Vcc modu la t ion  a t  t h e  A G C  c u r r e n t  l e v e l s .  

5 . 0  SIMULATED GROUND PLANE NOISE TESTING 

The d i s a d v a n t a g e s  of dynamic v o l t a g e  margin  t e s t i n g  f o r  

Another  means of v e r i f y i n g  t h a t  t h e  A G C  has s a t i s f a c t o r y  
marg ins  i n v o l v e s  t h e  s i m u l a t i o n  of ground p l a n e  n o i s e  by b i a s i n g  
t h e  ground of a g i v e n  computer module w i t h  r e s p e c t  t o  t h e  ground 
o f  t h e  r e s t  of tile computer .  T h i s  scheme has been s u g g e s t e d  by 
N I T / I L  and some i n i t i a l  e x p e r i m e n t a l  t e s t i n g  has been  done t h e r e .  

T h e  e f f e c t  of a ground b i a s  on a module o f  t h e  AGC may 
be a n a l y z e d  b y  c o n s i d e r i n g  t h e  c i r c u i t  shown i n  F i g u r e  6 .  
i n t r a m o d u l e  g a t e  c o n n e c t i o n s  ( i . e . ,  f o r  g a t e s  which e i t h e r  o n l y  
d r i v e  o r  are d r i v e n  b y  o t h e r  g a t e s  w i t h i n  a module) t h e  a d d i t i o n  
o f  a ground b ias  p o t e n t i a l  of  + Eg i s  e q u i v a l e n t  t o  changing  t h e  
c o l l e c t o r  s u p p l y  v o l t a g e  (Vcc)-by T Eg. 
v o l t a g e  has a d i f f e r e n t  e f f e c t  on in te r -module  ga te  c o n n e c t i o n .  

8 d i r e c t  e q u i v a l e n t  n o i s e  p o t e n t i a l  on in t e r -modu le  s i g n a l s  
a c c o r d i n g  t o  t h e  f o l l o w i n g  t a b l e :  

F o r  

However, t h e  ground bias  

l.14'fh y v I u l I  s L . u y b u v  nncnanf  t n  t h e  o f f  n o i s e  marg in ,  t h e  ground b i a s  a p p e a r s  as 

OFF 

E f f e c t  on 
O f f  Voise  Margin 

O f f  marg in  o f  module 
ga te  ( d r i v e n  by 
module i n p u t )  changes 
by 5 E g  

O f f  marg in  o f  e x t e r -  
n a l  g a t e  ( d r i v e n  by 
module o u t p u t )  changes 
by T E g  

*Consu l t an t  t o  B e l l c o r n ,  I n c .  
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The e f f e c t  o f  t h e  ground b i a s  v o l t a g e  on t h e  on n o i s e  
margin  of  gates which are  d r i v e n  b y  o r  d r i v e  extra-module ga tes  
i s  more compl i ca t ed .  Cons ide r  a ga t e  which d r i v e s  n p a r a l l e l  
g a t e s  ( a  c i r c u i t  w i t h  a fan-out  o f  n ) .  Assume t h a t  k of  t h e  
d r i v e n  ga t e s  are l o c a t e d  w i t h i n  a b iased  module and n-k are  
e x t e r n a l  t o  i t .  I n  t h i s  c a s e ,  i t  i s  immaterial whether  t h e  
d r i v i n g  g a t e  i s  i n t e r n a l  o r  e x t e r n a l  t o  t h e  b i a sed  module,  as 
t h e  e f f d c t  o f  t h e  b i a s  v o l t a g e  i s  t o  make t h e  i n t e r n a l  ga tes  
c u r r e n t  hogging o r  c u r r e n t  s t a r v e d  w i t h  r e s p e c t  t o  t h e  non-biased 
g a t e s .  The magnitude o f  t h e  change i n  t h e  on n o i s e  margin  can  
b e  c a l c u l a t e d  (assuming nominal g a t e s )  b y  t h e  r e l a t i o n s :  

AVN-on = + x l E g l  ' RB - nRC 

f o r  non-b iased  g a t e s ;  and 

- (n-k)RC t RB 
AVN-on = + nRC + RB x l E g l  

fnr b iased  g a t e s ,  w h e r e  t h e  s i g n  v a r i e s  a c c o r d i n g  t o  t h e  s lgn  o f  
t h e  a p p l i e d  b i a s .  Hence t h e  on n o i s e  margin  i s  n o t  al"l"ected by 
t h e  f u l l  magni tude of t h e  ground b ias  as i s  t h e  of f '  n o i s e  margin .  
I n  t h e  w o r s t  c a s e ,  ( a l l o w i n g  a f an -ou t  ( n )  o f  6 ) ,  however, changes  
o f  abou t  . 8  E and .85  Eg can b e  r e a l i z e d  i n  on n o i s e  margins  o f  
non-b iased  a n 8  b i a sed  ga tes  r e s p e c t i v e l y .  

The above a n a l y s i s  i n d i c a t e s  t h a t  t h e  s i m u l a t e d  ground 
p l a n e  n o i s e  t e s t  ( i n  which e a c h  l o g i c  module i s  b i a s e d  i n  t u r n )  
has s e v e r a l  d i s t i n c t  advantages  o v e r  a s t a t i c  v o l t a g e  margin  t e s t .  
P r i m a r i l y ,  i t  a l l o w s  a d i r e c t  measure o f  t h e  s i g n a l  margin  o f  
t h o s e  g a t e s  which g e n e r a t e  or r e c e i v e  in te r -module  s i g n a l s .  T h i s  
r e s u l t s  because  t h e  b i a s  p o t e n t i a l  s u b t r a c t s  a lmost  d i r e c t l y  from 
t h e  s i g n a l  l e v e l s  of t h e  a f f e c t e d  ga tes  (as  opposed t o  v o l t a g e  
marg in  t e s t i n g ,  where t h e r e  i s  s i g n i f i c a n t  a t t e n u a t i o n  o f  t h e  
n o i s e  i n t r o d u c e d  t h r o u g h  t h e  c o l l e c t o r  supp ly  v o l t a g e )  b u t  c a u s e s  
o n l y  a small change i n  t h e  v o l t a g e  l e v e l s  o f  in t ra -module  s i g n a l s  
and no  change i n  extra-module s i g n a l s .  T h e r e f o r e ,  c r o s s - t a l k  
n o i s e  l e v e l s  due t o  n o n a f f e c t e d  c i r c u i t s  (which w i l l  b e  i n  t h e  
m a j o r i t y )  w i l l  be  e s s e n t i a l l y  unchanged and t h e  amount o f  b ias  
which can b e  t o l e r a t e d  i s  i n d i c a t i v e  o f  t h e  wors t  c a s e  s i g n a l  
marg in  of t h e  a f f e c t e d  g a t e s .  I n  a d d i t i o n ,  t h e  ground b i a s  
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st resses  b o t h  on and o f f  margins ,  whereas b o t h  s t a t i c  and dynamic 
v a r i a t i o n  of Vcc p r i n c i p a l l y  a f f e c t  o n l y  t h e  on n o i s e  margin .  
d i s a d v a n t a g e s  of  t h e  ground b i a s  t e s t  l i e  i n  t h e  f a c t  t h a t  t h e  
b i a sed  module must b e  removed from i t s  o p e r a t i o n a l  p o s i t i o n  u s i n g  a n  
e x t e n d e r  for example,  and i n  t h e  f a c t  t h a t  in t ra -module  s i g n a l s  
are n o t  s t r e s sed  t o  any a p p r e c i a b l e  e x t e n t .  The l a t t e r  i s  n o t  a 
v e r y  s e v e r e  drawback s i n c e  i n  a l l  p r o b a b i l i t y  t h e  in te r -module  
s i g n a l s  w i l l  have t h e  most s e v e r e  c r o s s - t a l k  n o i s e .  

The 

The ground b i a s  n o i s e  t e s t  can be o p e r a t e d  i n  a s t a t i c  
o r  dynamic f a s h i o n .  A . C .  modula t ion  o f  t h e  b i a s  p o t e n t i a l  would 
s i m u l a t e  t o  a d e g r e e  t h e  e f f e c t  o f  ground p l a n e  i n d u c t a n c e ,  as 
w e l l  as p r o v i d e  a d d i t i o n a l  n o i s e  s t r e s s i n g  v i a  c r o s s - t a l k  c o u p l i n g  
p a t h s .  

6.0 SUMMARY 

Three  t e s t  schemes have been c o n s i d e r e d  w i t h  r e s p e c t  t o  
t h e i r  a b i l i t y  t o  p r o v i d e  a measure o f  t h e  n e t  n o i s e  margin of t h e  
l o g i c  subsys tem of a d i g i t a l  computer.  The c o n v e n t i o n a l  scheme, 
s t a t i c  v o l t a g e  margin t e s t i n g  h a s  been shown t o  be  d e f i c i e n t  com- 
pared w i t h  e i t h e r  dynamic v o l t a g e  margin  t e s t i n g  or s i m u l a t e d  
ground p l a n e  n o i s e  t e s t i n g .  Each of these  two l a t t e r  t e s t  
p r o c e d u r e s  may b e  p o t e n t i a l l y  va luable  i n  t e s t i n g  a machine,  par- 
t i c u l a r l y  as t h e y  s i m u l a t e  t o  a d e g r e e  d i f f e r e n t  k i n d s  of n o i s e  
s u s c e p t i b i l i t y .  Thus one i n t r o d u c e s  n o i s e  v i a  t h e  c o l l e c t o r  
v o l t a g e  supp ly  s y s t e m  and t h e  o t h e r  v i a  t h e  ground p l a n e  o f  t h e  
machine.  i n  a d d i t i o n  t h e s e  schemes d i f f e r  w i t h  r e s p e c t  t o  e a s e  
and t ime r e q u i r e d  f a r  testing. The d y n a ~ i c :  v n l t a g ~  margin t e s t  
I s  a p p l i e d -  t o  the e n t i r e  s y s t e m  and o n l y  r e q u i r e s  b y p a s s i n g  o f  
t h e  power s u p p l y ,  whereas  t h e  s i m u l a t e d  ground p l a n e . n o i s e  t e s t  
i s  a p p l i e d  on a module by module b a s i s  and r e q u i r e s  removal of a 
module from i t s  o p e r a t i o n a l  p o s i t i o n .  Expe r imen ta l  data  are re- 
q u i r e d  t o  e s t a b l i s h  whether  t h e s e  two t e s t  p r o c e d u r e s  are  e s s e n -  
t i a l l y  e q u i v a l e n t  or are  capab le  o f  i n d i c a t i n g  d i f f e r e n t  modes 
of  n o i s e  s u s c e p t i b i l i t y  i n  t h e  l o g i c  subsys tem.  

1031-JJR-j dc 

At tachments  
Appendix A and B 
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APPENDIX A 

NOISE M A H G I N  COMPUTATIONS 

The SCD for AGC NOR Gates i s  b e i n g  r e v i s e d  t o  s p e c i f y  
rmance a t  O°C and 7OoC.  According t o  i n f o r m a t i o n  r e c e i v e d  
MSC t h e  f o l l o w i n g  table of  narameters s h o u l d  c h a r a c t e r i z e  

t h e  gates o v e r  t h e  tempel-ature r ange  

Parameter 

'IN 

'ON 

'OUT (EXPANDER) 

'IOFF 

I I N  

I A  

Uni t s  

mv 

mv 

mv 

mv 

rn 11 ... . 

ua 

Pa 

ooc 25oc  

The w o r s t  case on n o i s e  margin (V,-on) can be computed 
a c c o r d i n g  t o  the e q u a t i o n :  
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where FO i s  t h e  f a n - o u t ,  VON t h e  g a t e  t h r e s h o l d ,  RBH and xBE 
c h a r a c t e r i z e  a c u r r e n t  hogging gate  and RBS and VBE c h a r a c t e r i z e  
a c u r r e n t  s t a r v e d  g a t e  ( s e e  F igu re  7). It can be  demons t r a t ed  
t h a t  t h e  wors t  c a s e  o c c u r s  when t h e  s t a r v e d  g a t e  i s  a n  expander  
g a t e .  To c a l c u l a t e  vBE for an e x p a n d e r ,  t h e  minimum hFE ( d . c .  
c u r r e n t  g a i n )  for t h e  g a t e  m u s t  b e  known. A t  2 5 O C  t h e  minimum 
hFE a l lowed  b y  t h e  SCD i s  30. 

- 

Case 1 - 25OC 
Hogging Gate S t a r v e d  Gate (Expander)  

VIN = 870 mv 

= 1200 ohms R~~ 

VON = 770 mv 

RBS = 1 2 0 0  ohms 

= 3.6/(2700 x 3 0 )  = 44.5 p a  ' I N  = 152 w 

= 688 mv = 717 mv. 

8, = 4150 ohms (From t h e  SCD). 

With these  p a r a m e t e r s  e q u a t i o n  (Al) g i v e s  VN-on = 148 mv f o r  a 
f an -ou t  (FO) of 4, and 105 mv for a fan -ou t  of 5. 

F o r  a fan-out  of 6 t h e  wors t  c a s e  o c c u r s  when t h e  
hogg ing  ga tes  have t h e  lowes t  p o s s i b l e  VbE.  
.620 v o l t s  (a  r e p r e s e n t a t i v e  v a l u e  for t h i s  k ind  of  d e v i c e )  t h e  

Assuming t h i s  t o  b e  

hogging  g a t e  i s  s p e c i f i e d  by :  

Hogging Gate 

V I N  = 870 mv 
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IIN = 152 p a  

v = 620  mv 

RBH = (870-620)/ .152 = 1645 ohms 
-BE 

These parameters w i t h  t h o s e  of t h e  s t a r v e d  ga t e  above e n t e r e d  
i n t o  eq.  ( A l )  y i e l d  VN-on = 68 mv f o r  a f a n - o u t  o f  6 .  

Case 2 - O°C 

Based on m a n u f a c t u r e r ' s  da t a  for d e v i c e s  o f  t h i s  
c l a s s ,  i t  w i l l  b e  assumed t h a t  hFE can  d e c r e a s e  t o  22 .5  a t  O°C 
and t o  20  a t  70°C (hFE i s  measured p e r  t h e  S C D  a t  a h ighe r  v o l t a g e  
t h a n  i s  used  o p e r a t i o n a l l y ) .  In d d i t i o n  t h e  t e m p e r a t u r e  c o e f f i -  
c i e n t  f o r  t h e  d i f f u s e d  r e s i s t o r s  of t h e  ga t e  w i l l  b e  assumed t o  
v a r y  from ,965  t o  . 98  a t  O O C ,  and 1 . 0 5 5  t o  1 .075  a t  7OoC, referred 
t o  t h e  25OC v a l u e s .  Using t h e s e  a s s u m p t i o n s ,  t h e  f o l l o w i n g  v a l u e s  
may be  c a l c u l a t e d  for hogging  and s t a r v e d  g a t e s .  

Hogging Gate 

VIN = 925 mv 

S t a r v e d  Gate (Expander)  

VoN = 845 mv 

R,,, = 1200x.98 = 1175 ohms 

IIN = 155  p a  

RBS = 1200x.965 = 1 1 6 0  ohme 

IIN = 3 . 5 5 / ( 2 7 0 0 x . 9 6 5 ~ 2 2 , 5 )  = 62 Ma 

an * 

= 925 - (1 .175  x 155)  

= 743 mv 

VB, = 845 - ( 1 . 1 6 0  x 62) V-BE 
= 773 mv 

Ec = 4150 x . 9 8  = 4100  ohms. 

With t h e s e  pa rame te r s  eq.  (Al) y i e l d s  VN-on = 122 mv 
f o r  a f an -ou t  o f  4, 82 mv f o r  a fan-out  of  5 .  For  a fan-out  o f  
6 t h e  hogg ing  ga t e  i s  s p e c i f i e d  by: 



. 
- 4 -  BELLCOMM, I N C .  

Appepdix A ( c o n t i n  led) 

Hogging Gate 

VIN = 925 mv 

= 1645 x .98 = 1 6 1 0  ohms R~~ 

IIN = 155 va 

XBE = 925 - (1 .610  x 1 5 5 )  = 675 mv 

These parameters w i t h  t h o s e  o f  t h e  s t a r v e d  ga te  above 
e n t e r e d  i n t o  eq. ( A l )  y i e l d  VN-on = 43 f o r  a f an -ou t  of 6 .  

Case 3 - 70°C 

Hogging Gate S t a r v e d  Gate (Expander)  

VIN = 770 mv VON = 690 mv 

RBH = 1 2 0 0  x 1 . 0 5 5  = 1265 ohms = 1 2 0 0  x 1 .055  = 1265 ohms R~~ 

= 145 va IIN= 3.67/ (2700 x 1 . 0 5 5  x 20) = 64 p a  I IN 

= 770 - (1 .265  x 1 4 5 )  V = 690 - (1 .265  x 6 4 )   BE BE 
= 587 mv = 609 mv 

- 
RC = 4150 x 1 .075  = 4480 ohms. 

With t hese  parameters, eq.  (All y i e l d s :  VN-on = 127 mv 
f o r  a f an -ou t  o f  4 ,  84 mv f o r  a f an -ou t  o f  5 .  F o r  a fan-out  of 6 
t h e  hogg ing  ga te  i s  s p e c i f i e d  b y :  

Hogging Gate 

VIN = 770 mv 
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IIN = 145 p a  

XBE = 770  - (1.77 x 145)  = 514 mv 

These parameters w i t h  t h o s e  of t h e  s t a r v e d  ga t e  above 
e n t e r e d  i n t o  eq.  ( A l )  y i e l d  VN-on = 46 mv f o r  a fan-out  of 6 .  

Case 4 - I n t e r f a c e  C i r c u i t s  

A wors t  c a s e  n o i s e  margin f o r  i n t e r f a c e  c i r c u i t s  assumes 
a n  expander  ga te  w i t h  a load  of 3 kohms t o  t10 v o l t s .  Two i n p u t s  
o f  t h e  expander  are  d r i v e n  i n  p a r a l l e l  w i t h  3 hogging g a t e s  (see 
F i g u r e  8 ) .  

T h e  n o i s e  margin  e q u a t i o n  i s  m o d i f i e d  f o r  t h i s  c o n f i g -  
u r a t i o n  t o :  

VN-on t 'BE - 'ON 

Due t o  t h e  d i f f e r e n t  l o a d  on t h e  expander  a new v a l u e  
f o r  VON must be computed, A s  t h e  c o l l e c t o r  c u r r e n t  f o r  t h e  
i n t e r f a c e  l o a d  i s  1 . 6  ma p e r  t r a n s i s t o r ,  t h e  r e q u i r e d  base c u r r e n t  
can  b e  computed by  s c a l i n g  f r o m  t h e  normal  c o l l e c t o r  c u r r e n t .  
Thus a t  25OC 

= 4 4 . 5  x 1 .6 /1 .33  = 53.5  ua I B  

and  

= 717 t 30 (1 .6-1 .33)  t ( 1 . 2 x 5 3 . 5 )  = 789 mv 'ON 

(where 30 ohms has been al lowed for t h e  e m i t t e r  r e s i s t a n c e ,  R E ) .  
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1 

D .  C .  ON NOISE M A R G I N  

ooc 25OC 7 O o C  

1 2 2  mv 1 4 8  mv 1 2 7  mv 
82 mv 105 mv 84 mv 
68 mv 91 mv 6 0  mv 
43 mv 68 mv 46 mv 

Using t h e  parameters o f  Case 1 w i t h  t h e  new VON computed 
above,  e q u a t i o n  ( A 2 )  y i e l d s  VN-on = 9 1  mv f o r  a f an -ou t  of 5 .  

A t  O°C 

IB = 62 x 1.6 /1 ,39  = 71 p a  

VON = 773 t 30 ( 1 . 6 - 1 . 3 9 ) + ( 1 . 1 6 5 ~ 7 1 )  = 862 mv. 

Using t h e  p a r a m e t e r s  o f  Case 2 with t h e  new VON computed 
above ,  e q u a t i o n  ( A 2 )  y i e l d s  VN-on = 68 mv for a fan-out  o f  5 .  

A t  7OoC 

IB = 1.6/1.28 x 64 = 80 p a  

These r e s u l t s  a r e  summarized i n  t a b u l a r  form below: 
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The n o i s e  margins  computed above are degraded by leak-  
age  c u r r e n t  t h r o u g h  t h e  o f f  t r a n s i s t o r s .  The amount o f  leakage 
v a r i e s  w i t h  t h e  f a n - i n  of t h e  c i r c u i t ,  and i t s  a f f e c t  on VN-on 
i s  a l s o  dependent  on t h e  c i r c u i t  c o n f i g u r a t i o n .  Q u a n t i t a t i v e l y ,  
t h e  l e a k a g e  c u r r e n t  o f  15  p a  max. a t  25OC g u a r a n t e e d  b y  t h e  S C D  
p roduces  a r e d u c t i o n  of  about  1 . 5  t o  1 mv p e r  f a n - i n  c o l l e c t o r  
f o r  t h e  c i r c u i t s  t r e a t e d  above.  

The on n o i s e  margin i s  a l s o  degraded  by t e m p e r a t u r e  
d i f f e r e n t i a l s  between l o g i c  e l emen t s  i n  t h e  machine.  The p r i n c i -  
p a l  e f f e c t  r e s p o n s i b l e  f o r  t h i s  i s  t h e  t e m p e r a t u r e  dependence of 
t h e  base t o  e m i t t e r  t h r e s h o l d  v o l t a g e  VBE. Assuming a v a r i a t i o n  
o f  -2mv/OC for VBE, and t h e  most u n f a v o r a b l e  s i t u a t i o n ,  e q u a t i o n  
( A i )  may be  d i f f e r e n t i a t e d  w i t h  r e s p e c t  t o  v_SE t o  y i e l d :  

For a 10°C t empera tu re  d i f f e r e n t i a l  t h i s  e q u a t i o n  p r e -  
d i c t s  a loss of' 1 2  t o  1 5  mv f r o m  t h e  p r e v i ~ u s l y  csmputec? margins; 

The e f f e c t  of supp ly  v o l t a g e  v a r i a t i o n s  on t h e  n o i s e  
marg in  VN-on may be computed by d i f f e r e n t i a t i n g  eq.  ( A l )  w i t h  
respec t  t o  Vcc. ' Thus, 

S i n c e ,  
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- = -  aVON RBS 
R B  avcc -c- 

- 8 -  

T h e r e f o r e ,  

RBS 
aVCC l / R B S  + (FO-l)/RBH + l/Rc 4- R B  

aVN-on l / R c  
- - -  - 

For  t h e  i n t e r f a c e  c i r c u i t s  VON w i l l  n o t  change i f  t h e  

t4 and -1-14 v o l t  s u p p l i e s  v a r y  i n d e p e n d e n t l y .  
eq ( A 2 )  w i t h  t h i s  assumption g i v e s  

Thus d i f f e r e n t i a t i n g  

T h e  r a t e s  o f  change i n  on n o i s e  margin  i n  mv/vol t  f o r  
t h e  c a s e s  o f  i n t e r e s t  are l i s t e d  below: 

1 I I 



I 

BELLCOMM, INC. - 9 -  

Appendix A ( c o n t i n u e d )  

T h i s  v a r i a t i o n  i n  n o i s e  marg in  w i t h  supp ly  v o l t a g e  on ly  
h o l d s  o v e r  t h e  l i n e a r  range  o f  t h e  i n p u t  c h a r a c t e r i s t i c ,  and i s  
no l o n g e r  v a l i d  when o p e r a t i n g  i n  t h e  knee of  t h e  b a s e - e m i t t e r  
d i o d e ,  i . e . ,  when t h e  margin approaches  z e r o .  
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PARALLEL REDUNDANCY I N  A G C  L O G I C  CIRCUITS 

Summary 

Logic  and r e g i s t e r  f u n c t i o n s  i n  t h e  A G C  are  r e a l i z e d  
u s i n g  a d u a l  3- input  i n t e g r a t e d  c i r c u i t  NOR ga te  and an  e x p a n d e r  
g a t e .  The expander  g a t e  i s  used f o r  c i r c u i t s  r e q u i r i n g  a f a n - i n  
g r e a t e r  t h a n  3.  
a re  p a r a l l e l e d .  
g a t e ,  o r  an  emit ter  f o l l o w e r  might  b e  u s e d . )  

To implement h i g h  fan-out  c i r c u i t s  t h e  NOR g a t e s  
( I n  a more c o n v e n t i o n a l  d e s i g n  a h i g h e r  power 

The a n a l y s i s  i n  t h i s  appendix  r e v e a l s  t h a t  these  p a r a l -  
e l  g a t e  c o n f i g u r a t i o n s  a r e  t o  a c e r t a i n  e x t e n t  f a i l u r e  t o l e r a n t .  
While  t h i s  i s  u n q u e s t i o n a b l y  a d e s i r a b l e  c h a r a c t e r i s t i c ,  i t  a l l o w s  
f o r  t h e  p o s s i b i l i t y  o f  having  such  f a i l u r e s  occur  u n d e t e c t e d  i n  
t h e  p r e - f l i g h t  e x p e r i e n c e  of a g i v e n  machine.  Were t h i s  t o  o c c u r ,  
a computer  would b e  f lown w i t h  l ess  f a i l u r e  t o l e r a n c e  f o r  i t s  
m i s s i o n  t h a n  i s  i n h e r e n t  i n  t h e  d e s i g n .  

The a n a l y s i s  below i n d i c a t e s  t h a t  t h e  e f f e c t  o f  c e r t a i n  
f a i l u r e s  i s  t o  degrade t h e  n o i s e  margins  o f  t hese  p a r a l l e l  g a t e  
c i r c u i t s .  T h i s  s u g g e s t s  tha t  one means o f  t e s t i n g  for f a i l u r e s  

cant zhczge i n  t h e  c z r n p ~ t e r  n n l s e  margin occurs d u r i n g  i t s  p re -  
f l i g h t  h i s t o r y .  

of t h e  t y p e  ui-idzp c o f i s i d e r a t i = n  is to a s c e r t a i n  that. f i ~  . ~ . i r ~ n i f l -  0---- - 

Case 1 

Assume a c o n f i g u r a t i o n  i n  whicb a s i n g l e  g a t e  d r i v e s  
f rom 2 t o  5 p a r a l l e l  g a t e s .  Cons ide r  t h a t  a t r a n s i s t o r  o f  one 
o f  t h e  p a r a l l e l  g a t e s  f a i l s  wi th  a b a s e - t o - e m i t t e r  s h o r t ,  
c o l l e c t o r - t o - e m i t t e r  open. Assuming a l l  g a t e s  a r e  nominal ,  t h e  
base d r i v i n g  v o l t a g e  can b e  computed b e f o r e  and a f t e r  f a i l u r e  
a c c o r d i n g  t o  t h e  e q u a t i o n s :  

- vcc R~ + 
'BE R~ 

ED - RB + k RC 

w i t h  no f a i l u r e s ,  where k ( 2  c k c 5 )  i s  t h e  number o f  p a r a l l e l  
ga t e s ;  and 

- - 



BELLCOMM, INC. - 2 -  

Appendix B ( c o n t i n u e d )  

E I D  

1 
w i t h  one f a i l u r e  o f  t h e  t y p e  be ing  c o n s i d e r e d .  

t h e  f o l l o w i n g  t ab le :  

Assuming Vcc = 4 . 0  
= . 7  v o l t s , R  =1500 ohms, and RC = 3400  ohms y i e l d s  

B 
v o l t s ,  VBE 

Loss  of  
On Margin ED 

1 . 3 0 ~  
1.12v 
1 . 0 3  

97v 

Note t h a t  t h e  l o s s  o f  marg in  shown i n  t h e  above t a b l e  
I s  c o n s e r v a t i v e  s i n c e  it. ignores  t h e  f a c t  t h a t  t h e  c o l l e c t o r  
c u r r e n t  of t h e  r ema in ing  t r a n s i s t o r s  w i l l  i n c r e a s e  as a r e s u l t  
o f  the  f a i l u r e ;  t h i s  however i s  a second o r d e r  e f f e c t .  These 
r e s u l t s  s u g g e s t  t h a t  a f a i l u r e  of  t h e  t y p e  i n d i c a t e d  c o u l d  
r e s u l t  i n  a s i g n i f i c a n t  loss o f  margin w i t h o u t  c a u s i n g  a hard 
f a i l u r e  o f  t h e  g a t e .  

Case 2 

Assume a f u l l y  loaded  p a r a l l e l  g a t e  c o n f i g u r a t i o n ,  i . e . ,  
one i n  which k g a t e s  i n  p a r a l l e l  d r i v e  5k g a t e s  ( i n  t h e  AGC some 
p a r a l l e l  g a t e  c i r c u i t s  are  i n  f a c t  o v e r l o a d e d ) .  Cons ide r  a 
f a i l u r e  such  t h a t  t h e  d r i v e  c u r r e n t  c a p a c i t y  o f  one of  t h e  par- 
a l l e l  g a t e s  i s  l o s t  as  would occur  f o r  a c o l l e c t o r  r e s i s t o r  open 
or f o r  a n  o u t p u t  lead open. Assuming no s i g n i f i c a n t  change 
o c c u r s  on t h e  i n p u t  s i d e  of t h e  p a r a l l e l  ga te  combina t ion  t h e  
e f f e c t  t o  b e  examined i s  t h e  loss of  d r i v e  c a p a c i t y .  A nominal  
a n a l y s i s  i n d i c a t e s  t h a t  w i t h  no f a i l u r e s  t h e  o u t p u t  v o l t a g e  of 
t he  p a r a l l e l  g a t e  i s :  



. 

No. o f  n/k After Output  Vo l t age  Margin 
P a r a l l e l  Gates S i n g l e  F a i l u r e  A f t e r  F a i l u r e  Loss 

2 1 0  .84v 130 mv 
3 15 /2  . 8av 90 mv 
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'CC R B + n/k VBE RC - 
ED - RB + n/k RC 

where k i s  t h e  number o f  d r i v i n g  gates and n i s  t h e  number o f  
d r i v e n  gates .  A f u l l y  l o a d e d  c o n d i t i o n  c o r r e s p o n d s  t o  n/k = 5 ,  
i n  which c a s e  

- 4 . 0  x 1500 t 5 x - 7  x 3400 = .97  volts 
ED - 1500 t 5 x 3400 

u s i n g  nominal  parameters. 

A s i n g l e  f a i l u r e  of t h e  t y p e  c o n s i d e r e d  here p roduces  
a l o s s  of d r i v e  marg in  as  shown i n  t h e  f o l l o w i n g  t a b l e :  

Again i t  may be no ted  t h a t  i n  e a c h  c a s e  t h e  o u t p u t  
tage a f t e r  f a i l u r e  i s  s u f f i c i e n t  t o  t u r n  on t h e  d r i v e n  gates  
w i t h  a s i g n i f i c i e n t  loss o f  margin .  

Case 3 

v o l -  
, b u t  

The t h i r d  f a i l u r e  t o  be  a n a l y z e d  i s  t h e  e f f e c t  o f  a 
b a s e - t o - e m i t t e r  open ,  c o l l e c t o r - t o - e m i t t e r  open ,  i n  which t h e  
c o l l e c t o r  r e s i s t o r  of t h e  fa i led  gate i s  s t i l l  connec ted  t o  t h e  
r e m a i n i n g  f u n c t i o n i n g  gates. I n  t h i s  i n s t a n c e  t h e r e  w i l l  b e  a 
s i m u l t a n e o u s  i n c r e a s e  i n  bo th  t h e  c o l l e c t o r  c u r r e n t  and base 
d r i v e  of t h e  o p e r a t i o n a l  t r a n s i s t o r s .  With no f a i l u r e s  t h e  base 
c u r r e n t  t o  e a c h  of k p a r a l l e l  gates d r i v e n  from a s i n g l e  gate  i s  
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No. of  
Pa ra l l e l  Ga tes  

- - 'cc - 'BE 
'B k RC t RB 

% I n c r e a s e  i n  % I n c r e a s e  i n  
Base Cur ren t  C o l l e c t o r  Cur ren t  

- 4 -  

whereas  a f t e r  one open f a i l u r e  

1 - 'cc - 'BE 
'B - 7 k-1)  RC + RB ¶ 

hence  
I 

k RC t RB 'B - - -  (k- l )RC + RB 
I B  

Assuming e q u a l  c o l l e c t o r  r e s i s t o r s ,  t h e  c o l l e c t o r  cur -  
r e n t  p e r  r ema in ing  g a t e  i n c r e a s e s  by t h e  r a t i o  k/k-l. The 
f o l l o w i n g  t a b l e  shows pe rcen tage  base  and c o l l e c t o r  c u r r e n t  
i n c r e a s e s  assuming nominal  g a t e s .  

I 
I 

I I 

100 I 
I 25 

I n  t h i s  c a s e  t h e  p r i n c i p a l  e f f e c t  w i l l  be an  i n c r e a s e  i n  
t h e  s a t u r a t i o n  drop  o f  t h e  o p e r a t i o n a l  g a t e s  due t o  i n c r e a s e d  
c o l l e c t o r  c u r r e n t  and a r e d u c t i o n  i n  t h e  d r i v e  r a t i o  Ic/IB. The 
l a t t e r  w i l l  a l s o  t e n d  t o  i n c r e a s e  t h e  r i s e  t i m e  of t h e  g a t e  ( i . e . ,  
d e c r e a s e  t h e  s w i t c h i n g  speed  o f  an  o f f  t o  on s t a t e  c h a n g e ) .  The 
amount of l o s s  of o f f  margin  i n  t h i s  c a s e  i s  d i f f i c u l t  t o  compute 
due t o  t h e  l a c k  of data on t h e  s a t u r a t i o n  c h a r a c t e r i s t i c  of t h e  
AGC NOR g a t e s .  
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